The small GTPases of the Rho family play a key role in a number of signaling pathways activated by lysophosphatidic acid (LPA). However, little is known concerning the mechanism of regulation of these proteins. In this study we demonstrate that in Swiss 3T3 fibroblasts, LPA induces a sustained, time-dependent relocalization of RhoA to the Triton X-100-soluble low speed membrane fraction, which can be reversed by removal of LPA from the medium. Translocation was only observed with micromolar concentrations of LPA and was inhibited by pretreating the cells with pertussis toxin but not with tyrosine kinase inhibitors. LPA also induced translocation of CDC42Hs to the membranes but had no effect on the distribution of Rac1, RhoB, or Rho-GDI. Translocation of RhoA was also induced by endothelin-1. Conversely, platelet-derived growth factor did not cause the translocation of RhoA to any membrane fraction but stimulated relocalization of Rac1 to the high speed membrane fraction. Significantly, incubation of cell lysates with guanosine 5-O-(thiotriphosphate) was sufficient to translocate RhoA, Rac1, and CDC42Hs from the cytosol to the membranes, whereas incubation with GDP had the opposite effect. These data suggest that the translocation of the Rho family proteins to the membrane fraction is controlled by their activation state and that agonists show selectivity in inducing the activation/translocation of these proteins.
The Rho family of Ras-related small GTPases, which includes RhoA, -B, -C, and -G, Rac1 and -2, and CDC42Hs and TC10 (1) , plays an important role in the regulation of cell function. Rho is involved in the formation of actin stress fibers and focal adhesions (2) (3) (4) and in the motile response of cells (3) . Rac is important in the NADPH oxidase-mediated phagocytic response in leukocytes (5) and in actin polymerization associated with membrane ruffling and lamellipodia formation in fibroblasts (4, 6) . CDC42Hs is involved in the formation of filopodia in fibroblasts (4) , and its yeast homologue regulates bud site assembly in Saccharomyces cerevisiae (7) .
The proteins of the Rho family cycle between GTP-bound (active) and GDP-bound (inactive) states, aided by a number of regulatory proteins. Several guanine nucleotide exchange factors, which promote binding of GTP to Rho family members by facilitating the release of GDP, have recently been identified (8) . A large number of GTPase-activating proteins, which act on Rho proteins, have also been characterized (9) . However, most of the exchange factors or GTPase-activating proteins identified thus far do not show absolute specificity for one member of the Rho family, although some show preferences for particular G proteins. In addition, all Rho family members bind to a cytosolic regulatory protein, Rho GDP dissociation inhibitor (Rho-GDI), 1 which inhibits GDP dissociation (10) and GTP hydrolysis (11) and may keep the GTPases localized mainly in the cytosolic compartment (12) .
A number of signaling pathways in fibroblasts that are activated by the bioactive lipid lysophosphatidic acid (LPA) utilize small GTPases. Studies using the C3 exoenzyme from Clostridium botulinum, which catalyzes the ADP ribosylation and inactivation of Rho, have shown that this modification interferes with LPA-stimulated stress fiber formation (2) . Likewise, using the C3 toxin, Malcolm et al. (13) demonstrated that RhoA is required for the activation of phospholipase D by LPA in Rat1 fibroblasts. High concentrations of LPA also stimulate the proliferation of fibroblasts via a mechanism that involves activation of a pertussis toxin-sensitive heterotrimeric G protein, Ras, and the Raf/mitogen-activated protein kinase cascade (14, 15) . In addition, a recent study (16) demonstrated that LPA activates gene transcription by the serum response factor through a mechanism that requires RhoA, Rac, or CDC42Hs. However, despite the growing evidence that Rho proteins are required in LPA signaling, little is known concerning their regulation.
In this study we investigated the effect of LPA treatment on the subcellular distribution of Rho family proteins in Swiss 3T3 fibroblasts. Mitogenic concentrations of LPA stimulated a sustained increase of RhoA and CDC42Hs, but not Rac1, in the Triton X-100-soluble membrane fractions of these cells that was time-and dose-dependent and reversible. Furthermore, translocation of RhoA could be blocked by pretreatment with pertussis toxin. On the other hand, platelet-derived growth factor (PDGF) did not cause the translocation of RhoA but induced the association of Rac1 with a different membrane fraction. It is proposed that the selective membrane translocation of RhoA and Rac1 by LPA and PDGF is related to the activation and function of the GTPases.
EXPERIMENTAL PROCEDURES
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(1-oleoyl) was from Avanti Polar Lipids. PDGF-␤␤ was from Upstate Biotechnology Inc. Fetal bovine serum, endothelin-1, sodium orthovanadate, leupeptin, antipain, phenylmethylsulfonyl fluoride, sodium fluoride, sodium pyrophosphate, Tween 20, Triton X-100, and fatty acid-free bovine serum albumin were obtained from Sigma. GDP, GTP, GTP␥S, and ATP were from Boehringer Mannheim. Pertussis toxin was purchased from List Biological Laboratories. Tyrosine kinase inhibitors (genistein, tyrphostin A25, and herbimycin A) were from Calbiochem.
Cell Culture Conditions-Swiss 3T3 fibroblasts were maintained in HEPES-buffered DMEM with 4 mM L-glutamine supplemented with 10% (v/v) fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. For all experiments, cells were grown on 100-mm dishes for 1-2 days to subconfluency (60 -70%). The medium was then replaced with a low serum medium (DMEM containing 1% fetal bovine serum, 0.5% (w/v) bovine serum albumin, 100 units/ml penicillin, and 100 g/ml streptomycin) for 24 h to allow the cells to become quiescent. The cells were then treated with serum-free medium (DMEM containing 0.5% bovine serum albumin and antibiotics) for 1 h prior to agonist stimulation.
Agonist Treatment and Lysis of Cells-Serum-starved cultures on 100-mm dishes were treated with various concentrations of LPA, PDGF, or endothelin-1 for different times as noted in the experiments. The medium was removed and the cells were washed three times with 5 ml of ice-cold phosphate-buffered saline containing 500 M sodium orthovanadate and scraped in 1 ml/dish lysis buffer (50 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM MgCl 2 , 2 mM EDTA, 10 g/ml antipain and leupeptin, 1 mM phenylmethylsulfonyl fluoride, 500 M sodium orthovanadate, 10 mM pyrophosphate, 10 mM NaF, and 1 mM dithiothreitol). The cells were lysed by five passes through a 27-gauge needle (17) on ice. Trypan blue staining of the lysate indicated Ͼ95% disruption of the plasma membrane.
Subcellular Fractionation of Cell Lysates-In the initial experiments, lysates were centrifuged at 120,000 ϫ g for 45 min to prepare cytosolic and total particulate fractions. However, in most experiments the lysate was first centrifuged at 500 ϫ g for 10 min to prepare the nuclear fraction (low speed pellet) and then recentrifuged at 120,000 ϫ g for 45 min to pellet the remainder of the particulate fraction (high speed pellet), which consists of the heavy and light membrane fractions (17) . Each fraction was washed at least twice with lysis buffer to remove cytosolic proteins.
The nuclear fraction was further purified by sucrose gradient centrifugation, as described previously (17) . An aliquot of the low speed pellet was laid over a 2.0 M sucrose cushion and centrifuged at 150,000 ϫ g for 90 min to separate adherent membranes from the nuclei (17) .
The Triton X-100-insoluble cytoskeletal fraction was prepared from 3T3 fibroblasts in two ways. (i) Control and activated fibroblasts were broken open in lysis buffer containing 1% (w/v) Triton X-100 and then fractionated into low and high speed pellets as normal. (ii) The low speed pellet was prepared as normal from control and activated fibroblasts and then stirred in the presence and absence of 1% (w/v) Triton X-100 for 30 min at 4°C. The samples were then centrifuged at 100,000 ϫ g for 30 min to separate the solubilized proteins from nonsolubilized material.
Protein determination was done by the method of Bradford (18) . Alkaline phosphodiesterase I (plasma membrane), cytochrome c oxidase (mitochondria), and lactate dehydrogenase (cytosol) marker enzymes were assayed as described in Storrie and Madden (19) . DNA and RNA were used as markers for the nucleus and endoplasmic reticulum, respectively (19) , and were detected on agarose gels, with and without RNase treatment, by ethidium bromide staining. The Golgi fraction was detected by Western blotting using an ␣-mannosidase II antibody.
SDS-Polyacrylamide Gel Electrophoresis and Western
Analysis-SDS-polyacrylamide gel electrophoresis was performed on 14% acrylamide gels (Novel Experimental Corp.), and proteins were transferred onto polyvinylidene difluoride membranes (Novel Experimental Corp.) for 1 h at 20 V using a Novex wet transfer unit. The membranes were blocked overnight with 10% (w/v) nonfat dried milk (RhoA, RhoB, CDC42Hs, and Rho-GDI immunoblots) or 1% (w/v) bovine serum albumin containing 1% (v/v) goat serum (Rac1 immunoblots). Blots were incubated for 1 h with the appropriate primary antibody (diluted 1:500) in 1% bovine serum albumin and then for 45 min with a horseradish peroxidase-conjugated secondary antibody (Vector Laboratories), prior to development using an enhanced chemiluminescence kit (Amersham Corp.). Bands corresponding to the GTPases were measured by densitometry (Apple Macintosh, OneScanner), and the band intensities were measured using NIH Image. Purified recombinant proteins were used as standards to calibrate the densitometer. Antibodies to peptides of RhoA, RhoB, Rho-GDI, Rac1, and CDC42Hs were purchased from Santa Cruz Biotechnology. Western blotting of purified recombinant proteins confirmed that the antibodies were specific (results not shown).
RESULTS
In unstimulated Swiss 3T3 fibroblasts, RhoA was found in both the cytosolic and membrane fractions (Fig. 1 ). Scanning densitometry of several immunoblots (n ϭ 3) indicated that approximately 75% of the total RhoA was present in the cytosol. Stimulation of the fibroblasts with 100 M LPA for 20 min resulted in an increase of approximately 25% in the amount of RhoA in the total membrane fraction but did not produce any detectable decrease in the cytosolic fraction (not shown). Further fractionation of the membranes showed that in unstimulated 3T3 fibroblasts RhoA was present in the membranes pelleted by low and high speed centrifugation (Fig. 1 ). LPA treatment resulted in an increase in RhoA of about 50% in the fraction obtained by centrifugation at 500 ϫ g but had no perceptible effect on the RhoA concentration in the membranes pelleted by the subsequent 120,000 ϫ g centrifugation (Fig. 1) . Microscopic analysis of the low speed fraction indicated that it contained mainly large membrane fragments (not shown). Marker enzyme analysis of the different fractions indicated that 60% of the plasma membrane marker alkaline phosphodiesterase I was recovered in the low speed pellet, under stimulated and unstimulated conditions (not shown), with the remainder detected in the high speed membranes (40%). In addition, the cytochrome c oxidase mitochondrial marker was also found in both the low speed (65%) and high speed (35%) membrane fractions. Likewise, the ␣-mannosidase II marker was detected in both the low speed (55%) and high speed (45%) membrane fractions. In contrast, DNA (nuclear marker) was recovered almost entirely in the low speed fraction, with only a trace detected in the high speed membranes and none in the cytosol, whereas RNA (endoplasmic reticulum marker) was highly enriched in the high speed membranes but barely detectable in the low speed membranes (not shown), as seen previously (17) . As expected, lactate dehydrogenase activity was not detected in the low or high speed membrane fractions but was found exclusively in the cytosol (not shown).
In order to ascertain if the LPA-stimulated translocation of RhoA was to the nucleus, that organelle was further purified from the low speed membranes by sucrose density centrifugation. However, RhoA was not detectable in the nuclei, either before or after LPA treatment ( Fig. 2A) , suggesting that RhoA was associated with a different subcellular fraction, e.g. plasma membrane. Membrane fractions were also prepared from control and LPA-activated cells in the presence and absence of 1% (w/v) Triton X-100 to determine whether RhoA was translocating to the Triton X-100-insoluble cytoskeletal fraction. Triton X-100 treatment resulted in a 95% decrease in the level of RhoA in the low and high speed pellets under basal conditions and eliminated the translocation of RhoA to the low speed membrane fraction (Fig. 2B) , suggesting that the GTPase was associating with Triton X-100-soluble membranes. Indeed, Triton X-100 solubilized all of the RhoA associating with the low speed fraction (not shown), confirming that the protein was not relocalizing to the cytoskeleton.
RhoA translocated to the low speed pellet in a time-dependent manner (Fig. 3) . Relocalization of RhoA became evident 2.5 min after addition of LPA to the cell medium, but the effect was not maximal until after 20 min of stimulation. Interestingly, LPA treatment also stimulated translocation of another Rho family protein, CDC42Hs, to the low speed fraction (Fig. 3) , but not to the high speed fraction (not shown). The time course of CDC42Hs translocation was similar to that of RhoA, but there was only a 30% increase in membrane-associated CDC42Hs with maximum stimulation. Maximum translocation of both GTPases was still evident 1 h after addition of LPA (not shown). The small GTPases Rac1 (Fig. 3) and RhoB (not shown) did not translocate to any membrane fraction after LPA stimulation. A small amount of Rho-GDI (5% of the cellular total) was found in the low speed fraction. However, the level of Rho-GDI in the membranes did not increase after LPA treatment (Fig. 3) , indicating that Rho-GDI did not relocalize after agonist treatment. Furthermore, the absence of an increase in Rho-GDI, RhoB, or Rac1 proved that the increased association of RhoA and CDC42Hs with the membranes was not due merely to an increase in the amount of unbroken cells in the low speed fraction.
Significantly, removal of LPA from the medium resulted in the rapid relocalization of RhoA from the membranes to the cytosol (Fig. 4) . RhoA levels in the low speed pellet returned to basal values 5 min after the agonist was removed, indicating that translocation of the small GTPase was reversible and that LPA must remain in the medium to sustain the increased RhoA 
FIG. 3. Lysophosphatidic acid stimulates translocation of
RhoA and CDC42Hs in a time-dependent manner. Cells were stimulated with 100 M LPA for the times indicated, lysed, and the low speed membrane fraction prepared as described under "Experimental Procedures." Rac1, RhoA, CDC42Hs, and Rho-GDI were detected by Western blotting of proteins (1.5 g) from the low speed membranes. A, results are representative of four different experiments. B, for each G protein, data are expressed as a percentage of the basal value and are the average Ϯ standard error of four experiments. Ⅺ, RhoA; छ, CDC42Hs; E, Rho-GDI; Ç, Rac1. concentration in the membrane fraction. Interestingly, LPA only induced translocation of RhoA at relatively high (micromolar) concentrations (Fig. 5) . Increased RhoA levels were detected in the membranes after treatment with 1 and 10 M LPA, with maximal translocation seen at 100 M LPA. A similar dose-response curve was obtained for CDC42Hs (not shown).
Pretreatment of the cells with 100 ng/ml pertussis toxin for 16 h reduced the LPA-stimulated association of RhoA with the membrane fraction (Fig. 6) . Almost all of the translocation effect was blocked by this treatment, suggesting that LPAinduced translocation of RhoA is largely stimulated through a heterotrimeric G protein(s) of the G i family. On the other hand, pretreatment of Swiss 3T3 fibroblasts with the tyrosine kinase inhibitors genistein, tyrphostin A25, or herbimycin A had no effect on the relocalization of RhoA (not shown), suggesting that tyrosine phosphorylation is not involved in the effect.
Interestingly, endothelin-1 treatment also increased the concentration of RhoA in the low speed membrane fraction by approximately 25% (Fig. 7) but had no detectable effect on the localization of Rac1 or CDC42Hs (not shown). In contrast to LPA and endothelin-1, 50 ng/ml PDGF stimulated a time-dependent increase in Rac1 in the high speed membrane fraction but had no effect on Rac1 levels in the low speed fraction (Fig.  8) or on the distribution of RhoA (Fig. 8) or CDC42Hs (not shown). The effect of PDGF on Rac 1 translocation was dosedependent, with a half-maximal effect at 30 ng/ml (not shown).
Swiss 3T3 lysates were incubated with 100 M GTP␥S to determine its effect on the distribution of RhoA, Rac1, CDC42Hs, and Rho-GDI. GTP␥S stimulated the translocation of RhoA, Rac1, and CDC42Hs from the cytosol to the total membrane fraction in a time-dependent manner (not shown) but had no effect on the distribution of Rho-GDI (Fig. 9, lanes  5) . Interestingly, unlike the agonist-stimulated GTPase translocation described above, GTP␥S treatment also produced a significant decrease in the GTPase content of the cytosol. Furthermore, the magnitude of GTP␥S-stimulated translocation was much greater than that of agonist-stimulated relocalization (55% increase in RhoA levels in the total particulate fraction compared with a 25% increase after LPA treatment), and all three GTPases studied were translocated to both the low and high speed membrane fractions (not shown). GTP treat- ment did not cause a statistically significant increase in the amount of membrane-associated RhoA, CDC42Hs, or Rac1 (Fig. 9, lanes 4) . On the other hand, GDP treatment reduced the amount of RhoA, CDC42Hs, and Rac1 in the membranes by almost 30% but did not produce a statistically significant increase in the cytosolic concentration of these GTPases (Fig. 9,  lanes 3 ). The distribution of Rho family GTPases was not affected by 1 mM ATP (Fig. 9, lanes 2) or by 1 mM ADP, 100 M ATP␥S, and 100 M AMP-PNP (not shown), indicating that the translocation effect is specific for guanine nucleotides.
DISCUSSION
In this study, we demonstrate that RhoA translocates to the membrane fraction in a time-and dose-dependent manner when Swiss 3T3 fibroblasts are stimulated with LPA. Under optimal conditions, the RhoA in the total particulate fraction increased by 25% (not shown). Further investigation revealed that translocation was to the low speed membrane fraction (Fig. 1) , which was largely composed of nuclei and large membrane fragments (17) and had a high alkaline phosphodiesterase I activity, a marker of plasma membranes. Since RhoA is involved in the activation of a nuclear phospholipase D (20), we examined the possibility of its relocalization to the nucleus. However, no RhoA was detected in a nuclear fraction ( Fig. 2A) before or after LPA stimulation. Similarly, since RhoA is required for the formation of actin stress fibers and focal adhesions (2) and can be relocalized to a Triton X-100-insoluble fraction in platelets (21), we investigated the possibility of its translocation to the cytoskeleton. However, LPA did not stimulate such a redistribution (Fig. 2B) .
Translocation of RhoA was evident after 2.5 min of LPA stimulation, was maximal at 20 min (Fig. 3) , and was sustained for more than 1 h. The translocation appears not to be required for formation of stress fibers and focal adhesions, since stress fibers are visible 2 min after addition of LPA, reach maximal density after 10 min, and then decrease gradually (2) . Furthermore, RhoA translocation was only observed at LPA concentrations above 1 M (Fig. 5) and was inhibited by pertussis toxin (Fig. 6) , whereas stress fiber formation is maximally activated by 40 nM LPA and is not affected by the toxin (2, 22) . Moreover, Rho-mediated stress fiber formation in response to LPA is inhibited by the tyrosine kinase inhibitor tyrphostin A25 (23) , whereas the translocation was not. Although the LPA concentration dependence of RhoA relocalization is similar to that for activation of phospholipase D (13), the time course of the translocation differs from that for the activation of the phospholipase, which is maximal in 2 min and then becomes downregulated (13, 24) . Significantly, the high concentrations of LPA required to translocate RhoA are similar to those that stimulate mitogenesis (25) . Furthermore, LPA-stimulated mitogenesis (25) and RhoA translocation (Fig. 6) are both mediated by a pertussis toxin-sensitive G protein. Although previous studies have revealed that LPA-activated mitogenesis involves activation of G i , Ras, and the Raf/mitogen-activated protein kinase cascade (14, 15) , it is not inconceivable that RhoA may also play a role in this signaling network. Indeed, this hypothesis is supported by the observations that RhoA enhances Ras-triggered morphological transformation in NIH3T3 fibroblasts (26, 27) and that Rho family GTPases synergize with Raf to increase mitogenactivated protein kinase activity (28) . However, translocation of RhoA does not seem to be dependent on Ras since it is not reduced by pretreating the cells with tyrosine kinase inhibitors, whereas LPA activation of Ras is inhibited by genistein (15) . Therefore, it appears that the two GTPases are involved in different G i -mediated signaling pathways. One possibility is that translocation of RhoA is involved in LPA-activated gene transcription by the serum response factor (16) .
Interestingly, LPA also stimulated the relocalization of CDC42Hs but not Rac1 to the low speed fraction (Fig. 3) . Therefore, it is possible that LPA may also activate some of the signaling pathways that require CDC42Hs, for example activation of Jun kinase (29, 30) or p38 mitogen-activated protein kinase (31) through activation of p21-activated kinase. LPA treatment had no effect on the subcellular distribution of Rho-GDI (Fig. 3) , indicating that it does not relocalize to the membranes, in agreement with previous studies (32, 33) . This result suggests that during activation, Rho-GDI dissociates from the Rho proteins either prior to or during relocalization of the GTPases to the membrane. Like LPA, endothelin-1 stimulated translocation of RhoA to the low speed fraction (Fig. 7 ), but it is not known which heterotrimeric G protein mediates this effect. PDGF stimulated translocation of Rac1 to the high speed fraction in a time-dependent manner (Fig. 8) . Rac1 is involved in PDGF-stimulated membrane ruffling in Swiss 3T3 fibroblasts (4, 6) , and PDGF stimulates GTP loading of Rac1 (34), apparently through activation of phosphoinositide 3-kinase (34, 35) . However, the Rac1 translocation observed here is unlikely to be involved in membrane ruffling since this is stimulated by 3 ng/ml PDGF (2, 23), whereas translocation was half-maximal at 30 ng/ml PDGF. Another possibility is that translocation of Rac1 may play a role in a mitogenic signaling pathway since Rac also plays an essential role in Ras transformation of NIH3T3 fibroblasts (27, 36) .
Incubation of Swiss 3T3 lysates with GTP␥S stimulated translocation of RhoA, Rac1, and CDC42Hs from the cytosol to the membranes but had no effect on the distribution of Rho-GDI (Fig. 9) . It has been proposed that binding of GTP␥S to Rho proteins is sufficient to induce translocation and that the GTP␥S-bound forms may interact with a putative binding protein in the membrane (32) . Alternatively, it has been proposed that Rho-GDI has a 10-fold higher affinity for the GDP-bound forms of Rho proteins than for the GTP-bound forms (37) so that the GTP-bound forms are more likely to dissociate from Rho-GDI and translocate to the membranes. This hypothesis is supported by the observation that GDP stimulated translocation of the Rho family proteins to the cytosol (Fig. 9) . The high levels of GDP presumably increased the proportion of GDPbound Rho proteins, which are more likely to interact with Rho-GDI and become localized to the cytosol.
Importantly, the GTP␥S-induced translocation of RhoA, Rac1, and CDC42Hs was nonselective. Therefore, the specific agonist-stimulated translocations described in the present study might involve the activation of selective guanine nucleotide exchange factors, which promote binding of GTP to specific GTPases. Although many exchange factors act on more than one Rho protein in vitro (8) , it is possible that some may be more selective in vivo or that more specific exchange factors may be found. The present data suggest that a specific signal is required to promote the translocation of a given GTPase to the membranes, but it is not clear if activation of the GTPase occurs in the cytosol or the membrane. The selectivity of the agonists (LPA and PDGF) for certain Rho proteins and different membrane fractions raises the possibility that the different membranes have specific targets for the GTPases and that their translocation is a critical component of the signaling processes. FIG. 9 . Effect of nucleotides on the distribution of Rho family proteins. Swiss 3T3 cell lysates were incubated in the presence of the indicated nucleotides at 30°C for 30 min and then fractionated into cytosol and total membranes by centrifugation at 120,000 ϫ g for 45 min. Cytosol and membranes were analyzed for the indicated G proteins by Western blotting (2 g of cytosol or 5 g of membranes). Lanes 1, no nucleotide added; lanes 2, 1 mM ATP added; lanes 3, 1 mM GDP added; lanes 4, 1 mM GTP added; lanes 5, 100 M GTP␥S added. A, results are representative of four independent experiments. B, for each fraction, data are expressed as a percentage of the control value and are the average Ϯ standard error of four experiments. *, p Ͻ 0.05.
